We report here on the synthesis of nanoparticles (NPs) of sodium halide (NaX; X = F, Cl, Br, I) salts using reverse micelles (water/dioctylsodiumsulfosuccinate/toluene) with the resulting NPs having diameters of 1.5 to 2.5 nm. The initial core of reverse micelle contains a water-soluble salt. After evaporation of the volatile compounds under vacuum (water and toluene), NaX NPs are produced with an AOT surfactant cap. The NaX NPs redisperse in toluene. In contrast to previous syntheses of soluble salt NPs, Na + ions from the surfactant are found to completely exchange with the salt in the initial core of the reverse micelles. The resulting NPs were analyzed with dynamic light scattering (DLS), transmission electron microscopy (TEM), and selected area electron diffraction (SAED) which confirmed the exchange mechanism. Experimental results are compared and found to be in agreement with the recently published model by Bandopadhyaya and coworkers.
Introduction
Nanoparticle (NP) synthesis is very important in many areas including biomedicine [1] , fuel cells [2] , data storage [3] , ceramics [4] and electronics [5] . There are numerous useful NP synthetic techniques including lithography [6] , electrochemistry [7] , arrested precipitation [8] , hydrothermal synthesis [9] and reverse micelles [10] . Arrested precipitation, hydrothermal reactions, and reverse micellar methods all use some method of controlled precipitation reaction of appropriate precursors to produce binary and ternary ionic compound NPs. These methods generally require the NP product materials to have very low solubility such that the free energy for formation of the binary or ternary system from the precursors is very large. Formation of NPs of soluble binary and ternary systems has been accomplished, primarily through the use of reverse micelles. In general, reverse micelle NP synthesis is carried out by mixing different micellar dispersions with appropriate reactants in their aqueous phase which results in a spatially confined reaction producing nanocrystalline products. Cationic (e.g. AOT [11] and SDS [12] ), anionic (e.g. CTAB [13] and DDAB [14] ) and nonionic (e.g. TEOS [15] and Brij30 [16] ) surfacetants have all been successfully employed for nanomaterials synthesis. NPs synthesized using this technique include metals (e.g. Ag) [17] , bimetallics (e.g. Au/Pd) [18] alloys (e.g. Pt 3 Co) [19] , nanocomposites (e.g. Dye/Gold hybrid) [20] and semiconductors (e.g. PbS) [21] [22] [23] .
These systems are based on either reduction reactions (for metal nanostructures) or precipitation reactions (for semiconductors) where the micellar diffusion and intermicellar exchange lead to contact and reaction [24] . Precipitation is successfully used to prepare a wide range of water-insoluble or sparingly-soluble salts for many binary and ternary NP systems. A modification of this method was first reported by Turco Liveri and coworkers for the synthesis of NPs of some soluble salts. Their basic method involved preparation of micelle solutions of the corresponding salts, followed by evaporation of solvents from the solutions. This resulted in precipitation of the soluble salt from solution during solvent evaporation. Using this method, NPs of Cu(NO 3 ) 2 , Na 2 HPO 4 [24] , CaCl 2 [25] , Na 2 S and ZnSO 4 [26] have been achieved. The resulting NPs were capped with the surfactant that allows redispersion in dry organic solvents. Bandyopadhyaya and coworkers (RSB) have developed a model to describe this process. They supported their model with experiments conducted on the CaCl 2 system [25] . Ions in the incipient saturated solution precipitated on the surfactant head groups during the evaporation process. Their model allows prediction of product NP diameter based on a variety of factors, including ion concentration, w 0 , and micelle concentration.
In this work, we report on the synthesis of NPs for the water-soluble group I halides using the reverse micelle method. The system was composed of sodium bis-(2-ethylhexyl)-sulfosuccinate (AOT)/toluene/water and an aqueous core was consisting of one of the alkali metal halide salts. Characterization of the resulting NPs was accomplished with transmission electron microscopy (TEM), selected area electron diffraction (SAED) and dynamic light scattering (DLS). In contrast to previous work, we observe exchange of surfactant's sodium ions with cations in the solute. We also observe much smaller NP diameters than previously reported using other synthetic methods. We compared our NP product sizes with the RSB model and find agreement for these smaller sizes.
Experimental Methods
Toluene (anhydrous, 99.8%), inorganic salts (NaX; X = F, Cl, Br, I and LiX, KX, RbX; X = Cl) were purchased from Sigma. AOT (sodium bis-(2-ethylhexyl)-sulfosuccinate, anhydrous) was purchased from Fischer. Nanopure water was used in all experiments. All chemicals were used as received. The ternary system of 0.10 M salt/AOT/toluene was used to produce the reverse micelles. In a typical experiment, 9.0 μl of 1.0 M salt solution were added to 5.00 ml of 0.100 M AOT/toluene solution to generate micellar solution with w 0 = 1.
The resulting solution was sonicated (Fischer Scientific Ultrasonic Cleaner FS30D) for two hours to ensure complete dispersion of the salt solution into micelles. The micelle solution was then transferred to a Schlenk tube where the solvent and the water were removed en vacuo. The solution was heated (70˚C -80˚C) to speed the evaporation, which typically required 15 -20 minutes for completion. After complete evaporation of the solvent, a white gel-like precipitate containing AOT-coated salt NPs was formed. This solid matrix was left under vacuum overnight to ensure complete drying of the sample. The solid matrix was redissolved completely in the hydrocarbon solvent to make a translucent solution of AOT-capped NaX NPs. A concentrated solution of NPs was dispersed in toluene for analysis with dynamic light scattering (DLS). DLS measurements were performed on a Malvern Nano-ZS zetasizer (Malvern Instruments Ltd., Worcestershire, UK). Samples (~1.0 ml) were taken from the Schlenk tubes and filtered with a syringe. The filtrate was placed into a cuvette (Wildman quartz UV spectrophotometer cell (1/10) for analysis. DLS scans were run at 25˚C. Each data point was an average of 12 scans.
Resuspension of NPs in toluene was used for characterization by transmission electron microscopy (TEM) images and selected area electron diffraction (SAED). Analysis was obtained by a Phillips EM430 TEM operating at 300 keV using Cu grids with a lacy support film at 25,000× -81,000× magnification. UV-Vis spectra were obtained using Shimadzu 2501PC UV-Vis absorption spectrometer. Luminescence spectra were obtained on a Photon Technologies QM 4-2003 fluorescence spectrophotometer.
Results and Discussion
Water-soluble halides dissociate in water to give ions according to reaction (1) .
Using Le Chatelier's principle, the driving force behind formation of sodium halides NPs or any watersoluble particles is the removal of water by evaporation from a confined space (the reverse micelle) which allows the size control. As a result, salt concentration inside the micellar solution increases beyond the saturation concentration which leads to formation of NPs by either homogeneous or heterogeneous nucleation. After formation, surfactant molecules, which coat the NPs by adsorption, stabilize the particles toward aggregation and agglomeration.
Results for NaX (X = F, Cl, Br, I) NPs produced with w 0 = 1 are given in Table 1 . DLS particle size distributions are shown in Figure 1 .
The sizes of the NPs measured with DLS and the corresponding number of formula units per NP is not statistically different proceeding down the various halides. All the NP diameters are in the 1.5 to 2.5 nm range. These NPs are significantly smaller than those previously reported for soluble binary compounds [25] . Solubility product values (K sp M 2 ) increase going from fluoride to iodide. The Gibbs free energy (ΔG˚ kJ/mol) for the precipitation reaction was also calculated and the values follow the same trend as K sp values.
While NP size and sometimes shape [27] are typically affected by w 0 , we saw a small size-dependence on w 0 over the narrow range that we studied (0.5 to 3) as shown in Table 2 . However, the error bars on size distribution cloud the differences over this narrow range of w 0 .
TEM and SAED images are shown in Figure 2 . The TEM images are for small groups of particles in islands on the TEM grid. SAED served to qualitatively identify the NPs synthesized. The diffraction patterns shown in Figure 2 are for diffraction from single NPs. Thus, the distance from the central spot to the spot of a particular set of planes gives the d-spacing for that set of planes in the crystal structure. SAED for the NPs shown are consistent with sodium fluoride, chloride and bromide (Figures 2(a), (b) and (c) respectively) . The numbers next to the spots on the patterns (e.g. 111 or 222) designate the set of planes that each spot represents.
Synthesis of the other group I alkali chlorides was attempted using LiCl, KCl, and RbCl. In these cases the corresponding salts were dissolved and prepared with AOT analogously to the NaX NPs. However, SAED shows that the product NPs are all consistent only with [25] and ZnSO 4 [26] . The only monovalent cation salts previously reported were with Na + and so this exchange chemistry would not have been evident in the presence of an Na + -containing surfactant. The exchange chemistry with M + that we observed may be due to the ease of exchange between Na + and monovalent cations from group I compared to divalent cations in case of calcium chloride and zinc sulfate. In previous studies the nucleation on surfactant head groups, was favored for divalent cations like Ca 2+ and Zn 2+ . The divalent ions' higher charge makes them bind more tightly to the anionic head group of the surfactant. Once nucleation begins with the divalent ion, the subsequent growth will favor the divalent ions. Further, charge balance within the micelle favors the exchange between monovalent ions rather than the exchange of monovalent ions for divalent ions.
Model for NP Growth
Heterogeneous nucleation has a lower saturation threshold than homogeneous nucleation due to lower activation energy. This is the mechanism proposed by RSB in their recent study of CaCl 2 NP formation using water-in-oil (w/o) microemulsion system [28] . According to their model; nucleation occurs in a droplet and is initiated by a surfactant headgroup. Only a limited number of micelles initiate nucleation with further growth of the nucleus into a NP by diffusion of nearby droplets providing Ca 2+ and Cl − ions in order to give further growth. Thus, growth to the final NP is determined by diffusion of micelles from a contributing region. The diameter of the NP (d NP ) produced upon solvent evaporation from the dispersion is given by RSB as in Equation (1): Table 1 for NaCl NPs produced with w 0 = 1.0 and analyzed with DLS.
In order to calculate x, the RBS model uses the Einstein-Smoluchowski equation to relate back to the time, t, for the mean square displacement within the contributing region, Equation (2): x 2 = 6Dt (2) with D as the diffusion coefficient. Time t is then obtained as follows: 
All the terms in Equations (2)- (4) along with the values we used for the NaCl NP system are shown in Table  3 . Based on these equations and using n * = 1.5 (which depends on w 0 that is lower in our system than RSB), the model predicts a NaCl NP diameter of 2.26 nm. This is consistent with the observed mean of the size distribution measured from our DLS measurements of 2.2 (+0.5) nm. Table 4 presents results for the calculation of NaCl NP sizes for all three w 0 values along with the experimental results for each. There is agreement between the RSB model and the experimental results in general. But at the smallest w 0 , the model predicts a smaller NP diameter probably due to the extremely small size of both NP and w 0 . At these small w 0 and NP sizes there is no detectable dependence of w 0 on the resulting NP diameter within experimental error.
Conclusion
In present work, we demonstrate synthesis of sodium halide NPs with sizes less than 3 nm using the reverse micelle approach. Characterization of NPs was performed by TEM, SAED and DLS. NP size was found to be weakly dependent on w 0 values. We noted that using AOT as a surfactant is not suitable for synthesizing all the alkali metal halides because of the exchange chemistry between the sodium ion in AOT and the alkali metal cations. No defect or trap state emission was observed in the luminescence of these NaX NPs. [28] Interfacial tension between nucleus and water 0.07 N/m 
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